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ABSTRACT 
 
This paper presents experimentally obtained results of a secondary loop air conditioning-
heat pump system compared to a baseline direct system.  The secondary loop system has a 
refrigerant circuit operating between two 50/50 water glycol loops, and uses the identical 
compressor and accumulator as the baseline DX system. For most operating conditions in this 
study, the secondary loop system has slightly lower maximum capacity and lower COP/HPF 
compared to the DX system, while it has potential for integrated thermal management, waste heat 
recovery, and may allow better refrigerants to be used due to compact refrigerant loop design. It 
was found that system refrigerant charge needed for cooling was close to that for heating, and was 
about 200g less than required by the baseline. Operating parameters including compressor and 
pump speeds, air flow rates, and condenser exit subcooling were investigated to improve energy 
efficiency. Performance in different ambient conditions was also studied and compared to the 
baseline. 
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CHAPTER 1: INTRODUCTION 
 
1.1  Background and Motivation 
 Electric cars are becoming more and more popular in society today.  With the 
Environmental Protection Agency (EPA) regulations on emissions being stricter and the Corporate 
Average Fuel Economy (CAFE) making harder regulations; electric and hybrid cars have emerged 
as the current solution.  With the push towards electric vehicles (EV), issues of energy storage in 
batteries has arisen.  With gasoline being approximately 10 times as energy dense as the lithium-
ion batteries, the energy use of an electric vehicle is vital to keep low in order to increase the 
driving range of the EV.  This leads to one challenge that EVs have to face, cabin heating and 
cooling.  In a conventional internal combustion engine (IC engine), the waste heat from the 
combustion process provides ample heat to heat the cabin in a cold environment.  Most EVs today 
have to instead rely on positive temperature coefficient (PTC) heaters to provide the cabin heating.  
The waste heat of EVs are just not high enough to provide the sufficient heat required to heat the 
cabin.  PTC heaters have a low efficiency due to the second law of thermodynamics; thus leading 
to a heating performance factor (HPF) of just about 1.  This is due to the almost 100% efficiency 
from the first law of thermodynamics.  This can be improved on by using a heat pump.  A heat 
pump has a much higher efficiency due to the second law of thermodynamics, which will decrease 
the amount of energy the EV needs to heat the cabin of the vehicles.  This correlates into increased 
driving distance during the cold winters when the heater would be used.  A study conducted by 
Delphi researchers, compares the driving range of an EV with a PTC heater compared to using a 
heat pump (Wawzyniak 2011), shown in Figure 1.1.  Without changing the batteries or increasing 
the energy supply, the driving distance in a weather setting increased 52%.  This is a very large 
amount because the cabin heating requires 2kW-4kW of heating which is substantial to the overall 
amount of energy consumed by the EV. 
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Figure 1.1 Drive range comparison of PTC heater with a Heat Pump 
Heat pumps can have multiple purposes in an EV besides just heating the cabin.  In most 
current EVs the batteries are at a higher energy density than a common car battery.  They are also 
packaged in a small place and thus when releasing the energy to the power electronics and the 
electric motor, they generate waste heat.  This waste heat is much lower than in an IC engine, 
however this heat must be removed to prevent battery damage, overheating and in some cases 
battery fires.  This leads to most EVs cooling the batteries and power electrics/electric motor with 
water glycol loops.  Heat pumps can potentially replace these loops and cool the batteries and 
power electronics.  The heat pumps can use this waste heat and place it into the cabin if desired, 
thus further increasing the potential driving range in the winter.  Heat pumps can then become a 
one thermodynamic system for the electric vehicles rather than having an A/C unit, PTC heater, 
and cooling loops for all of the electronics.  This would reduce the amount of components in the 
vehicle as well as weight and cost.   
 
1.2  Objective 
 The objective of this study is to look into the potential benefits and disadvantages of going 
to a secondary loop heat pump system in EVs, experimentally study performance of a bench top 
secondary loop system, and compare the performance of the secondary loop system to that of a 
direct heat pump system. 
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1.3  Scope of This Study 
 The scope of this study is to look into the characteristics of a secondary loop vapor 
compression refrigeration heat pump system and compare this heat pump with that of other vapor 
compression refrigeration heat pumps like the direct system approach.  This study is focused on 
the heat pump application for electric vehicles and is compared to a study done in the same manor 
that looked into the direct system approach.  The experimental work done on this study was only 
on the secondary loop system.  System comparison to the direct system and system characteristics 
are the focus of this study.   
 
1.4  Thesis Outline 
 Chapter 1 gives a background of why heat pumps are being considered in EVs as well as 
the objectives of this study.  Chapter 2 goes into a literature review of heat pumps and what type 
of characteristics they have in EVs.  Chapter 3 is a comparison between components used and the 
layout of the secondary loop system and the direct system.  Chapter 4 explains how the facility 
was built and assembled as well as the type of sensors used.  Chapter 5 is a data reduction chapter 
with uncertainty.  Chapter 6 is the results of testing the secondary loop system as well as comparing 
performance standards to the direct system.  Chapter 7 summarizes the thesis. 
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CHAPTER 2: LITERATURE REVIEW 
 
2.1  Heat Pump Research in Literature 
 Heat Pumps on EVs can be traced back the General Motors car called the EV1.  It was an 
electric vehicle that had the first mass produced heat pump.  Heat pumps have been used on a lot 
of applications before this car, however using a heat pump that could take energy from the ambient 
air rather than the ground or other sources was quite impressive at that time.  Most research on 
heat pumps for EVs have been with two main refrigerants, CO2 (R744) and R134a.  R134a is being 
researched because of its use in the automotive field already.  Most cars and trucks use R134a for 
the A/C modes in vehicles today.  However, CO2 has some large advantages over R134a. 
 
2.1.1  CO2 Heat Pumps 
 Valeo studied some of the issues with CO2 heat pumps (Hesse 2002).  The problems studied 
were flash fogging, defrosting, and engine thermal management.  By taking an A/C system and 
simply switching the CO2 system to H/P, Valeo found that flash fogging occurred.  This is due to 
the low temperatures required by the heat exchanger to extract energy out of low ambient 
conditions.  This issue is a common one among H/P systems when humidity is high and the ambient 
conditions are around 0C.  The low temperature of the heat exchanger to collect the energy from 
the air could freeze the water in the air.  This causes a smaller heat transfer coefficient from 
refrigerant to air.  In some cases, the area between the fins can freeze over and close, effectively 
losing all heat transfer to the refrigerant.  This leads to Valeo having to defrost the system, which 
brings other issues.  Valeo decided to integrate the engine coolant loop with the system by a heat 
exchanger.  This helped reduce the heating load required for the engine and save fuel at low 
ambient temperatures.  However, defrosting the air to refrigerant heat exchanger was still a 
problem. 
 The performance increases on the A/C side with CO2 can also be found over R134a.  A 
study conducted at the University of Illinois, showed that a two evaporator automotive air 
conditioning system could be improved up to 18% COP and 57% capacity by switching R134a to 
CO2 (Peuker 2006).  The improvements were not only due to the changing of the refrigerant but 
also optimizing some key components for the CO2 system when testing to the R134a baseline. 
These improvements to COP and HPF in both the A/C and H/P modes suggest that CO2 might be 
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a better refrigerant to use over the R134a, however CO2 is not without its faults.  This also implies 
that the refrigerant used in EV heat pumps will have to have components that are optimized for its 
purpose.  This can lead to a lot more research before implementing the new refrigerant into EVs.   
 CO2 is a higher pressure system and cannot be used inside the cabin of vehicles.  This leads 
to a use of a secondary loop system.  Anytime a system introduces another loop, the HPF and COP 
of the system will be lowered due to the fact that the energy will have to past between loops.  The 
transfer of energy lost between the loops can be minimized, however it can only approach that of 
a direct system.  CO2 does have the advantage of a lower Global Warming Potential (GWP) over 
R134a.  With the Europe already trying to phase out R134a due to the high GWP rating, CO2 and 
R1234yf are the natural choices for the automotive business. 
 
2.1.2  R134a and Other Refrigerant Heat Pumps 
 Behr has studied R134a and R1234yf heat pump operations (Wawzyniak 2011).  Behr 
found that the heating load of a car needed to be about 4-5 kW to have enough energy in the coolest 
of ambient conditions.  Behr looked at air to air, air to coolant, and coolant to coolant heat pumps.  
The comparison between R134a and R1234yf lead to a decrease in COP and capacity for R1234yf 
over R134a.  This difference was about 5% for capacity and 7% for COP.  It was also noted that 
as the ambient temperature decreased, the heating load would increase but the heat pump capacity 
would decrease.  This would lead to not enough capacity at low ambient conditions.  As in the CO2 
study, the heat exchanges that Behr tested also had a freezing issue.  Behr suggested a special 
coating to help with de-icing. 
 At the University of Illinois, a study on a direct system with R134a was conducted (Feng 
2015).  This is the system that this thesis will be comparing itself to.  The direct system used 
components from a Denso system that was adopted and used into the Nissan Leaf EV.  
Performance factors and characteristics of this system will be compare to that of this study.  It was 
shown in the study that a PTC heater would still be needed to supplement the heat pump in the 
EV.  Frosting also occurred in the study like the previous studies.   
 A study by Delphi on secondary loop systems with R-152a showed a reduction in GWP 
when compared with the R134a system (Ghodbane 2000).  As noted before, secondary loop 
systems can accommodate the use of other refrigerant like CO2.  It can also accommodate 
refrigerants that are flammable and non-inert refrigerants.  Later Delphi designed the unitary 
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HPAC system (Kowsky et al. 2012).  The system inspired the design of the secondary loop system 
in Lili’s Feng paper (Feng 2015), that is being studied and compared to the direct system in this 
paper.  The system is a compacted refrigerant loop to coolant that acts as an A/C or H/P.  The 
system was designed to be an all in one thermal management system.  It can recover the waste heat 
from the electronics thus cooling the batteries and power electronics when needed, as well as 
provide the cabin with cooling and heating.  The electric drive range was increase by 5-10% in 
heating mode and 5% in cooling mode.  It was shown that the HPAC can increase driving range 
and COP of the system.  Not to include that potential cost reduction in the fact that it is only one 
thermal management system over having multiple. 
 
2.2  Heat Pump Challenges 
 The largest challenge with heat pumps in electric vehicles is the use of the ambient air as 
the heat source.  The lower the temperature of the ambient air, the lower the heating capacity.  This 
means as the demand for more heat increases due to the lowing the ambient temperature, the heat 
load will not be meat because the heat pump produces less heat at the lower ambient temperatures.  
This is due to the temperature difference between the ambient temperature and the desired cabin 
temperature.  The higher the difference, the lower the HPF.  The lower the HPF, for the same 
compressor input, yields a lower capacity.  Not having the required heating load on the lower 
ambient conditions, means that a PTC heater or another heater will have to be added to supplant 
the heating loads.  This adds undesirable cost, complexity and will reduce driving range.  
Unfortunately the use of the PTC heater, which is already in the EVs today, will not be eliminated.  
However the increase in potential driving range by adding a heat pump, might over take the 
addition cost of having both a PTC and heat pump. 
 The ambient air challenge also leads to the issue of frosting on the heat exchanger.  At 
temperatures around 0 C and high relative humidity (RH), the water in the air will most likely 
freeze on the heat exchanger.  As noted above, every paper that had heat pumps also had the issue 
of frosting.  This is not that much of an issue at temperatures above 0 because the heat exchanger 
does not see temperatures low enough to freeze the water.  At very low temperatures, the water 
saturation is low enough where frosting is not a big issue.  However in most regions in North 
America, the winters will be around the 0 C range and could cause frosting.   
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 The use to an automotive friendly refrigerant is also somewhat an issue.  R134a is not a 
very good refrigerant for heat pump mode because of the low saturation pressure at low ambient 
conditions.  This leads to using other refrigerants like CO2 or R-152a, but you cannot have these 
refrigerants inside of the cabin.  Thus the secondary loop system must be used to isolate the 
refrigerants that are at high pressures, or flammable from the cabin.  This will lead to inefficiencies 
in the system because you have to convert the energy into a secondary loop before reaching the 
cabin.  The secondary loop system can be easier to implement for an entire car thermo management 
system side, however having those inefficiencies are not desirable.  Due to the low heating capacity 
at low ambient conditions, the inefficiencies might play a large role in the driving distance.  This 
is one of the points of this study that will be investigated later. 
 Other issues with heat pumps in EVs come with the complexity in having one system that 
can switch between H/P and A/C.  Adding values and more controls can add undesirable cost in 
the EV but is necessary for the switch between the modes.  Also designing the system components 
will be different in just A/C or just H/P.  They must be designed for the switch so that the H/P will 
be efficient when it is in its mode and the A/C when it is in its mode.  Going to a secondary loop 
system would simplify the refrigeration loop, however now the issue is in the refrigerant to water 
glycol heat exchangers.  Designing them to be able to switch and have an even charge distribution 
can be an issue.  Also, the addition of those heat exchangers as well as pumps for the secondary 
loop can add even more complexity and cost.  The efficiency of the pump will also come into play 
as it will take away power as well.  This also means more controls for the water pumps which lead 
to more cost and more components.  Justification can come in if the secondary loop is taking over 
the thermo management of the batteries and power electronics.  This is because both components 
need a loop with a pump to cool them in most of the EVs today, as well as the waste heat potential. 
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CHAPTER 3: HEAT PUMP SYSTEM LAYOUT 
 
3.1  Secondary Loop Configuration 
 When looking at the secondary loop configuration, one must layout the objectives of the 
system.  The objectives of a secondary loop system is to provide heating and cooling while having 
an isolated refrigerant loop.  In addition to the heating and cooling cycles, since we are in a vehicle, 
dehumidification needs to also be considered.  The driver of the vehicle might need this to be able 
to see out of the windshield, normally on wet or rainy days.  Thus having the heater core and the 
chiller in series can potentially solve this issue.  First dehumidifying the air with the chiller and 
then reheating the air to the drivers comfort.  During just the heating or cooling modes, the heater 
or cooler that is not being used must either be turned off or bypass.  The secondary loop system 
chosen in this study came from an inspired Delphi design (Kowsky et al. 2012).  This system was 
then modified by Lili Feng in his paper to achieve Figure 3.1 below (Feng 2015). 
 
Figure 3.1 Comparison of direct system (DX) and secondary loop (SL) systems configurations 
Figure 3.1 shows the comparison of the secondary loop system (SL “top view”) to the direct 
system (DX “bottom view”).  The naming convention of the components in the secondary loop 
system are shown.  The cooler acts like the evaporator in the direct system but instead of 
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refrigerant, it has W/G.  The heater or heater core acts as the inner condenser in the direct system.  
Again the distinction between them is the refrigerant in the inner condenser compared to the W/G 
in the heater core.  The radiator in the secondary loop system acts as the condenser in the direct 
system.  Labeling them different in the W/G allows the use of evaporator and condenser to be used 
for the two heat exchangers in the refrigerant to W/G loops.  Both of the coolant to coolant heat 
exchangers act the same as a simple A/C cycle but have very different temperatures in the H/P 
mode.   
Highlighted in the gray box is the isolated refrigerant loop for the secondary loop system.  
It is a simple A/C or vapor compression cycle and does not need to switch between H/P and A/C 
to achieve both modes.  The switching comes into play with the 50-50 water glycol loop (W/G).  
The clever use of the piping scheme only requires a three-way valve to switch the cycle and two 
2-way valves for closing off either the heater or the cooler.  The direct system only needs one 3-
way valve and 1 shut off valve to complete the switch.  Yet, the inner condenser on the direct 
system has to have an air by-pass because the inner condenser is always on whereas the secondary 
loop system turns the heater or cooler off in the other mode.  The secondary loop system has 
addition components as well though.  The additional heat exchangers to transfer energy between 
the refrigeration and W/G loops and pumps for the W/G loops were both added to the secondary 
loop system.  One nice thing about having the W/G loops is how easy it would be to implement 
into an EV for waste heat recovery, like battery cooling.  Also unlike the direct system, the heater 
core doesn’t need to have an air by-pass because the heater core can be turned off and on.  This 
allows very easy control of the heating cooling and dehumidification if needed. 
 Both systems have EEV’s to control the refrigeration expansion.  EEV’s are preferred 
because of the control over a standard TXV or orifice tube.  The EEV’s do cost more and are not 
commonly used in the automotive industry because of the increased complexity, however, for a 
lab setting, EEV’s are used to find the appropriate expansion opening.  After the characteristics of 
the system are found, then the replacement of the EEV with an orifice tube or TXV might be 
desirable.  For this study, an EEV was chosen because the characteristics of the secondary loop 
system and how the switching between the H/P and A/C was not fully understood performance 
wise when choosing the components.  This also allows the optimization of the heat pump and A/C 
modes with controlled subcooling.  Controlling subcooling can greatly increase the performance 
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of the system and as stated in the literature review, the heat pump will need high performance at 
low ambient conditions.   
 The secondary loop system and the direct system both also have an accumulator.  The 
accumulator is used to insure that only vapor and oil reach the compressor.  This allows easier 
optimization with the subcooling if there is any distribution problems in the heat exchangers.  The 
extra charge will just remain in the accumulator rather than having to oversize the evaporator. 
 
3.2  Component Selection Objectives 
 The objectives of selecting the components for the secondary loop system are to match as 
closely as possible to the direct system used at University of Illinois (Feng 2015).  The components 
need to be similar in size so that a meaningful comparison between the secondary loops to the 
direct system can be utilized, or have a similar capacity rating.  The same faculty will be used as 
well as both systems running R134a as a baseline comparison.  If oversizing of the secondary loop 
system is used, taping the area of the heat exchanger to decrease the heat transfer surface area may 
be required or investigated during this study.  The refrigerant to coolant (W/G) heat exchangers 
can be oversized to achieve a closer COP and HPF to the direct system.  The water pumps need to 
be chosen for efficiency so that COP and HPF will not decrease largely due to the W/G loops.  Use 
of the same fan or same air flow rate though the air heat exchangers are required to compare 
between the systems. 
 
3.3  Comparison of Components 
 From the component objectives, the same facility was used to minimize variability.  Some 
components were able to be the same as the direct system, the compressor, EEVs, and the 
accumulator.  The compressor is belt driven from ACDelco and is oversized for this application, 
however it was much easier to use in the facility over a high voltage compressor.  Keeping the 
compressor the same will yield the comparison that is desired.  The EEV’s are from Parker, SER-
A.  They are controlled with circuit boards that were also given by Parker.  Using the same EEVs 
in both of the direct and secondary loop systems can sort of show some of the physical differences 
in variation of the systems when optimized.  The accumulator was again common between the 
systems.  This is not needed to be the same, as long as both are oversized and do not allow 
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refrigerant liquid into the compressor.  Figures A.1 through A.3, in the Appendix A, show the 
common components as discussed above. 
 
3.3.1  Indoor Heater (SL) to the Inner Condenser (DX) 
 The inner condenser in the direct system acts like the indoor heater core in the secondary 
loop system.  The heater core rejects heat to the air from the W/G loop.  The inner condenser 
rejects heat to the air from the refrigerant loop.  Both are used to heat the inside of the car.  Figure 
3.2 and 3.3 show the heater core (donated by Delphi) and the inner condenser respectfully.  Table 
3.1 shows the comparison of key values between the components.  As shown, the heater core is a 
standard tube louver fin heat exchanger.  The inner condenser uses a micro channel louver fin heat 
exchanger.  Most automotive applications are starting to use micro channel heat exchangers for 
the A/C cycles, and Nissan’s direct system is no different.  The inner condenser uses two slabs but 
less area, mainly to fit into the car.  The heater core from Delphi was chosen because micro channel 
for W/G loops have a very large pressure drop.  This would require a very large pump and thus 
takes away more from the performance of the system than it would add.  A simple tube heat 
exchanger was required.  Take note that the air side heat transfer area is almost double that of the 
inner condenser.  After speaking with Delphi, an increased heater core might be needed to get a 
similar capacity rating.  This is due to the closer comparison of volume between the components.  
Later in this study, it is found that the size of the heater core can be reduced with little to no change 
in performance to a point, because it is oversized.  Due to the unknowns in this experiment, a larger 
heater core was chosen to try and match capacity ratings of the heat pump mode.  Future work can 
decrease the size of the heat exchanger by taping off heat transfer area and viewing the effects.   
As for comparison between the direct and secondary loop, the heater core has to be noted as double 
the air side heat transfer area.  The coolant side heat transfer area is smaller due to the difference 
in tube verse the micro channels, so for a baseline measurement this is a good place to start. 
 
Figure 3.2 Heater core donated by Delphi used in the secondary loop system 
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Figure 3.3 Inner condenser that is used in Feng’s study (Feng 2015) 
Table 3.1 Comparison between the indoor heat exchanges of the SL and DX system 
Component Heater core Inner condenser 
Configuration SL DX 
Type MC louver fin MC louver fin 
# of tubes 21×1 22×2 
Fins per inch 34 26 
Fin height (mm) 5.4 6.7 
Length (mm) 281 151 
Width (mm) 151 189 
Depth (mm) 28 27 
Face area (cm2) 424 297 
Air side heat transfer area (m2) 2.82 1.45 
Volume (cm3) 1188 771 
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3.3.2  Cooler (SL) to the Evaporator (DX) 
 The cooler for the secondary loop system acts like the evaporator in the direct system.  The 
cooler recovers heat from the air using a W/G loop.  The evaporator recovers heat from the air 
using the refrigerant loop.  The evaporator that was chosen by Nissan is a micro channel louver 
fin heat exchanger that is about double the size of the inner condenser as shown Figure 3.3.  The 
cooler is a tube louver fin heat exchanger.  It is the same heat exchanger as the heater core but two 
are placed in parallel to increase the size.  Figure 3.4 and 3.5 show the cooler and the evaporator 
respectfully.  Table 3.2 shows the key component comparison of both components.  Once again, 
the cooler in the secondary loop system could not use the micro channel heat exchangers as in the 
direct system.  This leads to an increase in coolant heat transfer area for the direct system over the 
secondary loop system.  The cooler was once again oversized over the direct system to provide 
comparable capacities.  The air side heat transfer area of the cooler is substantially larger than that 
of the evaporator used in the direct system.  However, with coolant heat transfer coefficient being 
lower, this is sort of balanced out.  As also shown the volume comparison of these components are 
not much different because of the extra depth of the evaporator.  This study will tape off the 
difference in face area to achieve the same air side face velocity, to view its effect on the capacity 
and COP.  After consulting with Delphi once again, the cooler chosen for this experiment was 
sized to have comparable capacities, similar size by volume.  By trying to match similar capacities, 
a better comparison of COP can be achieved.  Note however that the cooler is oversized in all of 
the experiments expect when noted that the area was taped.  This could mislead the results if a 
slightly higher capacity was achieved with the secondary loop system when common sense says it 
cannot, however with larger components, it can.  The heater core provided by Delphi needed to be 
doubled to achieve the size for the cooler.  In doing this, a parallel system was in placed to try and 
make a more uniform temperature gradient.  This can lead to slightly higher capacities over linking 
them in series.  This is due to keeping the temperature gradient between the W/G side and the air 
side as large as possible.  When taping the heat exchanger, the tape was placed across the direction 
of the tubes on the opposite side of the inlet/outlet.  Thus leading to a uniform area reduction in all 
of the tubes rather than just a few tubes.  The tape was placed over both exchangers as if they were 
one heat exchanger.  This leads to a uniform area reduction not only across the tubes but across 
the two parallel heat exchangers. 
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Figure 3.4 The secondary loop system cooler, supplied by Delphi 
 
 
Figure 3.5 The direct system evaporator (Feng 2015) 
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Table 3.2 Comparison of the indoor cooler for both the DX and SL systems 
Component Cooler Evaporator 
Configuration SL DX 
Type MC louver fin MC louver fin 
# of tubes 21×2 29×2 
Fins per inch 34 19 
Fin height (mm) 5.4 6.6 
Length (mm) 281 197 
Width (mm) 302 249 
Depth (mm) 28 39 
Face area (cm2) 838 491 
Air side heat transfer area (m2) 5.64 2.87 
Volume (cm3) 2376 1922 
 
3.3.3  Radiator (SL) to the Condenser (DX) 
 The radiator chosen in the secondary loop system from Delphi was is used in automotive 
applications today.  It is made for W/G coolant for IC engines.  Instead of using it to cool IC 
engines, the secondary loop system is using it to recover heat out of the ambient air for H/P mode 
or to reject heat to the ambient air in A/C mode.  This does the same function as the condenser in 
the direct system.  The difference is that the secondary loop uses W/G and the direct system uses 
a refrigerant loop.  Figures 3.6 and 3.7 show the radiator and the condenser respectfully.  Table 
3.3 shows the comparison of key features like the heat transfer area on the air side.  Like in inner 
condenser and the evaporator, the condenser is once again a micro channel louver fin heat 
exchanger.  Whereas the radiator is a standard tube louver fin heat exchanger made for W/G loops.  
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The radiator is much larger than the condenser used by the direct system.  After consulting Delphi, 
this radiator was chosen to be able to reject the required heat in A/C and recover a large amount 
of energy in H/P mode.  This is again to be able to have a capacity related comparison.  With W/G 
being only single phase and not have micro channels, the radiator had to be oversized to compare 
to the condenser in capacity.  Even with the much larger face, the volume of the components are 
similar and almost identical.  This is due to the larger depth of the condenser over the radiator.  
The radiator already being an automotive driven design, made the choice of this for the use in the 
secondary loop system simple. Once again if needed, the radiator can be taped to try to match the 
air side heat transfer area.  However, the comparison of capacity or volume is more likely to be 
more meaningful. 
 
Figure 3.6 Radiator used in the secondary loop system, supplied by Delphi 
 
 
Figure 3.7 Condenser used in the direct system (Feng 2015) 
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Table 3.3 Outdoor heat exchanger comparison between the DX and SL systems 
Component Radiator Condenser 
Configuration SL DX 
Type MC louver fin MC louver fin 
# of tubes 41 48 
Fins per inch 10.3 19 
Fin height (mm) 7.8 5.4 
Length (mm) 680 587 
Width (mm) 403 311 
Depth (mm) 18 22 
Face area (cm2) 2740 1828 
Air side heat transfer area (m2) 9.13 6.34 
Volume (cm3) 4093 4092 
 
3.3.4  Extra components of the Secondary Loop System 
 Extra components of the secondary loop system were the refrigerant to W/G heat 
exchangers and the water pumps.  The heat exchangers were chosen to be brazed plate heat 
exchangers from Delphi.  Delphi has done a lot of work into secondary loop systems and they 
helped sized the appropriate heat exchanger for the system match.  The size of the heat exchanger 
is show in Figure 3.8 and Table 3.4.  The refrigerant makes 3 passes going from bottom to top, 
then back down and finally returning out of the top.  The W/G side only makes 2 passes, entering 
the bottom and exiting the bottom.  The threaded connections in Figure 3.8 are the refrigerant 
connections and the barbed extensions are for the W/G side. 
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Figure 3.8 Refrigerant to W/G heat exchanger supplied by Delphi 
 
Table 3.4 Measurements of the Refrigerant to W/G heat exchanger 
Ref to 50/50 W/G HEX 
Configuration SL 
Type Brazed plate 
Length (mm) 176.2 
Width (mm) 105.6 
Depth (mm) 101.0 
Volume (cm3) 1879.3 
# of plates 32 
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The water pumps are EVTV Pierburg CWA-50 water pumps, shown in Figure 3.9.  They 
are designed for automotive applications for either replacement of a belt driven water pump or 
addition coolant lines in car today.  They are electric water pumps and are mainly used in the high 
performance engines.  Thus Pierburg wanted to achieve a very high efficiency pump to save on 
work load of the engine/battery.  Pierburg produced this pump and compared to many other pumps, 
the CWA-50 has one of the highest efficiencies for small water pumps on the market today.  The 
water pumps are variable speed and controlled with a PWM controller.  This makes varying flow 
rate on the W/G side very simple and easy to implement in an EV.  The maximum power of the 
water pump is 60W.  Also something to note is that the water pump is very quiet.  When running 
just the water pumps in the lab, it was hard to tell if they were on.  This is good feature for an EV 
where automotive vehicles today are becoming more noise pollution aware.  For testing in the lab, 
the water pumps were kept at 100% on, unless noted in the data.  This is to insure no overheating 
of components and with a low power consumption (120W for both), minimizing work of the pump 
increases COP and HPF very little. 
 
Figure 3.9 EVTV Pierburg CWA-50 water pump using only in the SL system 
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CHAPTER 4: EXPERIMENTAL SETUP 
 
4.1 Test Facility 
 The test facility used to test the direct system (Feng 2015) is the same one used to test the 
secondary loop system.  Figure 4.1 shows the facility with the two environmental test chambers.  
The outdoor chamber measures 4.7m x 2.5m x 2.3m and the indoor measures 4.7m x 2.2m x 2.3m.  
They are located in the Mechanical Engineering Laboratory at the University of Illinois in room 
3421.  The outdoor chamber mocks the environment for the ambient air, aka outside of the EV.  
The indoor chamber mocks the environment for the cabin air, aka inside the EV.  There is a heater 
and a chiller in both chambers.  The heater is on the floor and is driven by the air after the flow 
tunnel.  The air enters the flow funnel in which the appropriate heat exchangers are in.  The air 
then goes through a section of the flow tunnel that contains a nozzle as to measure the air flow 
rate.  On the far end of the flow tunnel, the air is being moved by a larger frequency drive blower.  
The blowers then force the air into the heater which then get dissipated into the chamber room.  
The chambers also have a chiller which has lines that go to large evaporator inside of the chambers 
on the roof.  By controlling the chiller and the heater, the desired temperature can be meet.  The 
chamber also has a vapor steam supply line to control the relative humidity.  To keep the study 
simple in comparison, the relative humidity was lowered with dehumidifiers in each chamber to 
insure a non-wet evaporator.   
 Both chambers were set up in such a way to accommodate two flow tunnels, systems.  This 
allowed the use of the direct and secondary loop systems to sit right next to each other during 
testing.  Once again trying to minimize the variability in the tests.  The flow tunnels each had a 
nozzle section to measure mass flow rate of the air.  This is done by taking a known nozzle size 
and finding the pressure difference before and after the nozzle.  The pressure and dew point 
measurements as well as the temperature were taken before and after the nozzle.  This part of the 
test section also had a grid of aluminum to straighten the flow so that it was laminar going into the 
nozzle.  The indoor flow tunnels were separated with two separate blower and nozzle sections.  To 
switch between the direct system and the secondary loop, the blower outlet would have to be 
hooked up to the heater, this is the only change.  For the outdoor flow tunnel, the tunnel had a Y 
section before the nozzle leading to two different air entries.  The top entry had the direct system 
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and the bottom had the secondary loop system.  To switch between the systems, the heat exchanger 
on the system not be used would be covered so that no air was allowed through.   
 The middle of the facility, between the chambers, held the compressor.  The compressor 
was mounted to a stand with a belt driven electric motor.  The compressor was controlled with a 
frequency driver, the same one used in the direct system (Feng 2015).  This is the same compressor 
in both the direct and secondary loop system, so switching with a 3-way valve was required.  The 
Swagelok ½” 3-way valve allow refrigerant to enter the compressor from the direct system or the 
secondary loop system.  To further isolate the systems, 2-way valves were also added to isolate 
the compressor and accumulator to either the direct or secondary loop system.  Thus by switching 
only a few valves, the systems can be tested individually but using a lot of the same components.  
For each switch, the system was vacuumed and a precise about of charge was added.  This way 
the test results would have a set amount of charge that was known with accuracy for testing.  Also 
the compressor need a slight addition of oil.  Before running the system, a leak test was conducted 
to insure that not only was the system not leaking to the atmosphere, but also in-between systems.  
This test was done at the highest pressure load the system would see in either the A/C or H/P 
modes to insure no leaking during the test or testing time.   
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Figure 4.1 Facility in Mechanical Engineering Laboratory room 3421 
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4.2  Secondary Loop System Setup 
 Figure 4.2 shows the secondary loop system in the facility running in heat pump mode.  As 
shown, all of the components talked about in chapter 3 are in the diagram.  Figure B.1-B.6 in the 
appendix show the test facility and how it was built in terms of the flow tunnels and refrigeration 
loop.  Figure 4.3 shows the how the refrigeration loop was constructed after being modeled in a 
3D CAD software.  The refrigeration loop need to be easy to access and yet close to the compressor 
to minimize heat lost to the room, or heat addition.   
 
Figure 4.2 SL system layout with the chambers. 
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Figure 4.3 The refrigeration loop “shelf design” with insulation and sensors 
4.2.1 Refrigeration Loop and Shelf Design 
As shown in the Figure 4.3, the refrigeration loop was in close proximity to the compressor and 
both chambers.  The shelf design of the loop allows the refrigeration loop to come down to be 
worked on or modified.  The shelf also hold the water pumps and the water reservoirs.  The two 
refrigerant to W/G heat exchangers are located in the middle.  The refrigerant enters the top of the 
condenser and is released at the bottom. This then goes through a micro motion to measure flow 
rate and into the EEV which is positioned in a way to directly force the flow of refrigerant into the 
evaporator.  The evaporator is opposite of the condenser as the refrigerant enters the bottom and 
leaves the top.  The refrigerant system is hooked together with SAE grade flex hoses used in 
automotive applications.  This allow isolation from vibration that might have been generated with 
the compressor. 
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 The water pumps are located right next to the outlet of the heat exchangers on the shelf.  
This is after the water tanks however, allowing the W/G to have a pressure of atmospheric before 
the water pump.  This is also where the system is filled with W/G.  The pump then draws W/G out 
of the heat exchanger and past the tank.  It then forces the W/G through Parker ball valves before 
going inside of each chamber.  This is identical between the condenser and the evaporator.  
Because of the way they are placed, the pump end up on opposite sides of the shelf.  The reason 
the heat exchangers are place in that direction is to minimize the distance that the refrigerant has 
to travel and also save space in the depth away from the chamber.  This made the refrigerant loop 
have less volume and also made the shelf smaller.  Both water tanks are from a Chevy Malibu.  
They are used in the coolant system to cool the IC engine.  The tanks are at the highest point in the 
W/G loop system to help fill the system.  To fill the system, all W/G valves were opened and W/G 
was pour into one tank at a time.  This allowed for a lot of the air to exit though the other tank 
since when the valves are open, the loops are connected.  After gravity could no longer fill the 
loops, the pumps were cycled on and off, closing and opening valves.  Because this was conducted 
before the insulation was added, the see though lines could show air pockets or not.  The system 
was filled when the W/G going through the lines had no air bubbles and no apparent air pockets 
were visible.  Another check of this was the fact that the micro motions read a constant value rather 
than having a lot of noise, noise was generated when air was pasting through the micro motions. 
 
4.2.2  Indoor Flow Tunnel 
 As shown in Figure 4.4, the indoor flow tunnel section was separate from that of the nozzle 
section described in 4.1.  The indoor flow tunnel was constructed of ¾” plywood for the box frame. 
1.5” thick insulation coated the inside of the box to help prevent heat loss.  The system was doubled 
sealed for air leaks.  The box frame was screwed together with window insulation between the 
wood pieces.  The conjunctions, after together were then sealed with silicon to prevent any air 
leaks.  Then the insulation was place into the bottom and sides.  The insulation was cut to fit tight 
against the wood wall.  After the insulation was placed into the box frame, the conjunctions 
between the insulation were sealed with silicon.  This not only sealed the area inside the insulation 
from air leaks but also any condensing of water on the evaporator.  This would protect the wood 
from any water damage.  The heater core was sealed with wood supports and then with silicon to 
firmly set the heater from air leaks not though the fins.  Caution was taken into not damaging the 
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fins when installing by keeping a piece of cardboard over the face preventing unwanted damage.  
The front cooler was then installed in the same manor but at a 7 degree angle to shed off water that 
might condensate.  The area between the cooler and the heater was then taped with aluminum tape 
after channels had been cut into the insulation bottom.  The insulation was porous when cut and 
would retain water.  The aluminum tape would prevent water from going into the porous insulation 
and instead be directed to a drain hole.  The drain hole had a hose going to a bottle to catch any 
water.  The hose was place in water so that any water catch by the flow tunnel would drain, 
however no air could enter the drain hole and bypass the cooler.  The top was added last so that if 
any components need to be replace, the top could be removed with ease.  The silicon sealer would 
peel off as the top comes off and would need to be replace in order to reseal the flow tunnel after 
modification.   
 The flow tunnel has temperature grids at the front before the cooler, in the middle of the 
cooler and before the heater and after the heater.  The temperature grid in the middle is place in 
front of the heater to allow the air though the cooler to mix before a reading is measured.  The 
temperature grid after the heater is place a few inches away to try to take a more mixed temperature 
measurement.  There is also temperature readings after a mixer, placed in the back of the flow 
tunnel before the nozzle section to check the temperature grids reading. 
 In addition to temperature grids, the flow tunnel has delta pressure reading across each heat 
exchanger, as well as the nozzle.  The pressure measurement is taken on the top and both sides to 
get a better average of the change of pressure across each heat exchanger. 
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Figure 4.4 Indoor flow tunnel with the top and hoses off to view inside 
4.2.3 Outdoor Flow Tunnel 
 The outdoor flow tunnel section that holds the radiator is shown in Figure 4.5.  The same 
sealing technique that was used in the indoor flow tunnel is applied to the outdoor tunnel, however 
without the insulation.  Because the section that holds the heat exchanger is only a small mating 
part with the overall flow tunnel, almost no loss of heat will occur between the ½” mounting edge.  
That mounting edge was insulated on the outside for ease of assembly.  The insulation didn’t need 
to be on the entrance because that should all be ambient air anyhow.  The insulation is only after 
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the air passes through the first heat exchanger, and in this case there is only one.  The same 
technique with the temperature grids and the change of pressure sensors were implemented.  The 
front temperature grid was slightly unique because they have to be taken off to seal the flow tunnel 
for the other system.  So springs were added so that the temperature grid remained tight and in the 
correct place, however the temperature grid could easily come off and on.  This allowed a large 
piece of insulation to sit up tight against the heat exchanger to seal when not in use.  
 
Figure 4.5 The outdoor heat exchanger section of the flow tunnel.  The front face is the face that 
mounts to the rest of the flow tunnel. 
4.3  Sensors and Instrumentation 
 The sensors and instrumentation used in this study are laid out in the diagram in Figure 4.6 
and 4.7.  The temperature sensors used were type T-thermocouple wire.  The air side had 32 gauge 
wire that was sized and welded for each thermocouple.  The pressure sensors for the air were water 
column (WC) differential pressure transducers and range from 1-3-5” depending on the heat 
29 
exchanger it was measuring across.  The pressure was unknown at first, so the 5” was used until it 
was proven that the pressure drop was lower than 3” or 1”.  If the heat exchanger had lower than 
3”, the sensor was switched to the 3” WC differential pressure transducer.  The air flow rate though 
each flow tunnel was found in the nozzle section of the flow tunnel.  A nozzle size of 6” was in 
the outdoor and 4” on the indoor.  Knowing this, the pressure differential across the nozzle and the 
temperature; the volumetric rate of the air could be found.  Other measurements taken on the air 
side include the measurement of the dew point temperature of the air before entering the indoor 
flow tunnel and the dew point temperature at the end of the nozzle section.  This would confirm if 
the system was running “dry.”  Using the information provided above, the air side heating or 
cooling capacity can be calculated. 
 For the W/G loop, the temperature was measured using T-type thermocouple.  The 
thermocouples were placed in the middle of the flow for better accuracy.  Three micro motions 
had to be added to measure the mass flow rate of the water in each mode and through each loop.  
The temperature was measured before and after each heat exchanger and because a small change 
in pressure doesn’t affect W/G enthalpy, it was not need.  The largest pressure drop across the 
system is up to 1 bar from the pump.  The difference in W/G enthalpy with a pressure change of 1 
bar is not noticeable out to 6 decimal places.  The power consumed by the water pumps was found 
by using a current measuring device.  The pumps draw constant 12V with varying current.  The 
12V constant supply was measured for accuracy and measured across the operation range of each 
pump.   
 The setup for the refrigerant side is similar to the W/G loop.  It also used T-type 
thermocouples that were placed in the middle of the flow.  Differential pressure transducers were 
used to measure the pressure drop across the heat exchangers, and two absolute pressure sensors 
for before and after the compressor.  A micro motion was also used to measure flow rate.  This 
gives temperature, pressure and flow rate for the refrigerant in the every area needed (see diagram 
in Figure 4.6).  The compressor work was calculated through a torque transducer.  The torque was 
measured at the input into the compressor or compressor shaft torque.  A tachometer also was on 
the torque sensor allowing it to calculate speed.  Speed and torque will give the compressor work 
and power.  The EEV is hard to measure the size of the hole, however with the controllers given 
to this study by Parker, can find the percent that the EEV is opened.  By simply finding out the 
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voltage of the controller output, the percent that the EEV was opened would scale linearly with 
voltage. 
 
Figure 4.6 The refrigerant loop system sensor layout 
 
Figure 4.7 The W/G loop system sensor layout 
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4.4  System Performance Setup and Testing 
 When looking to the performance and optimizing of a system, one must look at certain 
variables that are simple to change for optimization.  The sizing of components and size of tube 
used are typically not changed unless there is an issue.  Changing of components will lead to 
another system that might be considered different than this one.  For example going to an electronic 
compressor will change a lot about the system and even though it might improve performance, the 
system will have to be re-optimized for that compressor.  This leaves optimization for the 
secondary loop system to change things like the amount of charge the system has, the amount of 
subcooling, the air flow rate and etc. 
 Charge optimization is normally done once and then is fixed.  It is not really practical to 
try and vary the amount of charge while the EV is under operation.  The charge optimization in 
this study was done under the test procedures that are a standard in SAE, SAE J2765.  The only 
issue with this standard is the compressor speed.  It sets the compressor speed as a variable, 
however with electronic compressors spinning at very high revolutions per minute (RPM) and 
some do not, the compressor speed done in this study is much lower.  To keep consistent with what 
the direct system did, the same compressor speed and settings were matched with Feng’s paper 
(Feng 2015).  These setting try to match want is done in SAE J2765.  The only extra parameters 
were the addition of water pumps.  During the charge test, the water pumps remained at 100% in 
the both the A/C and the H/P. 
 Parameters that could easily be changed; was the EEV opening distance, compressor speed, 
air flow rate, and W/G flow rate.  Varying these parameter are part of the sections to come and 
will be optimized there.  The EEV opening or closing with varying the subcooling amount, this 
can lead into the study of how it affects HPF or COP at constant air temperatures.  This also can 
have an effect on charge migration to and from the condenser and evaporator.  Having the see 
through accumulator can show if the EEV is drawing the charge from the evaporator or not.  Most 
of the parameters looked into in Feng’s paper (Feng 2015), was in the heat pump operation of the 
direct system.  This study will then try to match these tests using the same facility for higher 
accuracy of a comparison. 
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CHAPTER 5: DATA REDUCTION 
 
5.1  Compressor Work 
 Compressor work was lightly discussed in chapter 4.  The two inputs that are found from 
the compressor shaft is the torque and compressor speed.  Equation (1) shows compressor shaft 
work as just the product of the shaft torque and the compressor speed.  Scpr is the speed in [rpm], 
Tshaft is the torque in [N∙m], and Wcpr,shaft is the compressor shaft work in [kW]. 
𝑊𝑐𝑝𝑟,𝑠ℎ𝑎𝑓𝑡 = 𝑉𝑐𝑝𝑟 ∙ 𝑇𝑠ℎ𝑎𝑓𝑡
2𝜋
60∙1000
                                              (1) 
 
5.2  Air Side Capacity 
 Capacity measurements for the air side of the system in both A/C mode and H/P mode.   
 
5.2.1  Cooler Capacity  
 The cooler air side capacity can be found from taking the mass flow rate of the air and 
multiplying it by the change in enthalpy across the cooler.  This can only be done if the cooler does 
not condensate any water out of the air.  By taking the temperature of the dew point before and 
after the cooler, the amount of water that came out of the air can be calculated.  However, when 
testing a dehumidifier was used to insure no water was condensing on the cooler.  This is because 
this study needs all tests to be “dry” condition.  The method for calculating the capacity with a 
“wet” condition can be found in Feng’s paper, equation 2 (Feng 2015).  After checking the dew 
points after each test and physically verifying that the cooler was not wet, this study is confident 
that no water was condensed out during the A/C tests. 
 Noting that this is a dry condition, the capacity is in equation (2).  The “idn” used in the 
equations stands for indoor nozzle.  This refers to the nozzle section of the indoor flow tunnel.  
Find mass flow rate of the air by equation (3).  This requires the density which is found in an EES 
code (Engineering Equation Solver), Appendix C, and shown in equation (6).  Note that it requires 
the temperature pressure and either dew point or relative humidity.  Since the dew point 
temperature was readily available, it was chosen for the cooler capacity calculations.  The other 
component of equation 3 is the volumetric flow rate of the air.  This can be found in equation (4).  
Equation (4) requires the Cd of the nozzle which was known from pervious experiments with the 
facility.  The Cd for the 4” indoor nozzle was 0.975.  Equation (7) and (8) show the EES code for 
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finding the enthalpies of air.  Once again the dew point temperature can be replaced by relative 
humidity. 
𝑄𝑐𝑜𝑜𝑙,𝑎𝑖𝑟 = ?̇?𝑖𝑑𝑛(ℎ𝑐𝑜𝑜𝑙,𝑎𝑖𝑟,𝑖 − ℎ𝑐𝑜𝑜𝑙,𝑎𝑖𝑟,𝑜)                                   (2) 
?̇?𝑖𝑑𝑛 = ?̇?𝑖𝑑𝑛𝜌𝑖𝑑𝑛                                                      (3) 
?̇?𝑖𝑑𝑛 = 𝐶𝑑,𝑖𝑑𝑛𝐴𝑖𝑑𝑛√
2∆𝑃𝑖𝑑𝑛
𝜌𝑖𝑑𝑛(1−𝐴𝑖𝑑𝑛
2)
                                          (4) 
𝐴𝑖𝑑𝑛 =
𝜋𝐷𝑖𝑑𝑛
2
4
                                                          (5) 
𝜌𝑖𝑑𝑛 = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦(𝐴𝑖𝑟𝐻2𝑂, 𝑇 = 𝑇𝑖𝑑𝑛, 𝐷 = 𝑇𝑑𝑝, 𝑃 = 𝑃𝑖𝑑𝑛)                     (6) 
ℎ𝑐𝑜𝑜𝑙,𝑎𝑖𝑟,𝑖 = 𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦(𝐴𝑖𝑟𝐻2𝑂, 𝑇 = 𝑇𝑐𝑜𝑜𝑙,𝑎𝑖𝑟,𝑖, 𝐷 = 𝑇𝑑𝑝,𝑐𝑜𝑜𝑙, 𝑃 = 𝑃𝑐𝑜𝑜𝑙,𝑎𝑖𝑟,𝑖)     (7) 
ℎ𝑐𝑜𝑜𝑙,𝑎𝑖𝑟,𝑜 = 𝐸𝑛𝑡ℎ𝑎𝑙𝑝𝑦(𝐴𝑖𝑟𝐻2𝑂, 𝑇 = 𝑇𝑐𝑜𝑜𝑙,𝑎𝑖𝑟,𝑜 , 𝐷 = 𝑇𝑑𝑝,𝑐𝑜𝑜𝑙, 𝑃 = 𝑃𝑐𝑜𝑜𝑙,𝑎𝑖𝑟,𝑜)     (8) 
 
5.2.2  Heater Core Capacity 
 The heater core capacity is found in the exact same way as equation (2-8) above.  The only 
difference is the temperature and pressures change to around the heater instead of being around 
the cooler.  All of the nozzle calculations are the same as above. 
 
5.2.3  Radiator Capacity 
 Radiator capacity is similar to the heater core and cooler capacity calculations.  All of the 
key equations are shown from (2-8).  However there are some key differences.  The first is the Cd 
for the 6” nozzle for the outdoor flow tunnel is 0.98.  Also this time the dew point temperatures 
were not measured.  Instead of using dew point temperature, the relative humidity was estimated 
based off of the Department of Atmospheric Science at the University of Illinois.  Replacing the 
“idn” in the equations to “odn” and going about the radiator instead of heater core or cooler is the 
last modification to the equations.  Just to iterate, the core equations did not change from (2-8). 
 
5.3  Water Glycol Side Capacity 
 The W/G side capacity have lots of components to consider.  However, the calculation 
comes down to a simple formula, equation (9).  The mass flow rate through each heat exchanger 
can be found from 1 of the 3 micro motions on the W/G side.  The enthalpy can be found before 
and after the component by using the temperature that is taken and using atmospheric pressure.  
Using atmospheric pressure is because of the infinitesimal change of enthalpy across 1 bar (max 
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pumping pressure) of the W/G pump.  The properties of the W/G were found by measuring the 
density of the W/G with the 3 micro motions.  Letting all of the micro motions be at room 
temperature and then using the HART sensor with the micro motion to measure the density of the 
W/G.  The density was found in all of the micro motions.  This was then averaged and used to find 
the concentration in EES.  The concentration was found to be 54.2 percent rather than a true 50-
50 blend.   
𝑄 = ?̇?|∆ℎ𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡|                                                     (9) 
 
 
5.4  Refrigerant Side Capacity 
 The refrigerant side capacity is very similar to the W/G side.  The core equation (9) is the 
same but instead of using W/G properties, use R134a properties.  The only trick to finding the 
correct enthalpies is to know the where at in the refrigerant loop the component is. Unlike the 
direct system, the refrigerant loop in the secondary loop system is the simplest form of a vapor 
compression cycle.  Knowing that only vapor can enter the compressor because of the accumulator 
means that it is saturated vapor if there is liquid in the accumulator.  Other assumptions is that 
there is no enthalpy change across the expansion device.  This can be verified with the 
measurements.  However otherwise, finding enthalpy is just the temperature and pressure across 
each component, aka condenser, evaporator and compressor. 
 
5.5  Performance Factors 
 Performance factors include COP for A/C mode and HPF for H/P mode.  There are lots of 
options for COP and HPF for the secondary loop system.  The refrigerant to W/G side can be 
looked at individually or just the overall performance of the system.  In this study, the COP and 
HPF was found from the air side calculation just like the direct system.  This is a comparison of 
the overall performance of one system to another.  Equations (10) and (11) show COP and HPF.   
𝐶𝑂𝑃 =
𝑄𝑐𝑜𝑜𝑙𝑖𝑛𝑔
𝑊𝑐𝑝𝑟,𝑠ℎ𝑎𝑓𝑡+𝑊𝑝𝑢𝑚𝑝,1+𝑊𝑝𝑢𝑚𝑝,2
                                              (10) 
𝐻𝑃𝐹 =
𝑄ℎ𝑒𝑎𝑡𝑖𝑛𝑔
𝑊𝑐𝑝𝑟,𝑠ℎ𝑎𝑓𝑡+𝑊𝑝𝑢𝑚𝑝,1+𝑊𝑝𝑢𝑚𝑝,2
                                              (11) 
The work of the water pumps have to be included to get a more accurate COP and HPF.  The 
blower work was not included because of two reasons.  The first is that most of the work is due to 
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the large pressure drop across the nozzle.  This can be found, but the second reason is because a 
blower of this size would not be used in automotive applications.  For an accurate COP or HPF, a 
system would have to be designed with a known air flow rate required.  Thus the optimum fan can 
be found and used.  In this study the blowers are oversized and efficiency is not a consideration 
because a high flow rate is desirable.  In the lab setting, a large range of air flow rates can help 
find the optimum flow rate.  After the flow rate is found, then an appropriate fan can be sized for 
the application.   
 
5.6  Uncertainty  
 The uncertainty of the system performance comes mainly from the sensor tolerance.  Table 
5.1 shows the uncertainty in all of the sensors used in this study.  Other sources of uncertainty can 
come from temporal fluctuation.  This was minimized by waiting until the desired conditions were 
met, then waiting 10 minutes to insure a thermodynamically steady state and then taking data over 
the next 10 minutes.  The data was then averaged over that 10 to minimize the fluctuation 
influence.  Other possible issues is system leaks or coolant or heat leaks.  To insure this was not 
an issue, a leak test was preformed until the system had a negotiable amount of coolant leaking 
over the testing period.  Everything in the facility was insulated to insure little to no heat loss was 
found.  The capacities of the refrigerant to W/G and the W/G to air and from refrigerant directly 
to air was analyzed.  The capacity difference was within 10% for all cases.  Most cases were under 
5%.  After a correction for oil circulation rate (OCR), the calculations were all within 5%.  The 
details of the refrigerant oil property calculations used in this paper can be found in Li and Hrnjak, 
2013a and 2013b (Li 2013).  Also something to note was the temperature difference on the W/G 
side was sometimes very small across a component.  Due to the large specific heat of W/G, a small 
error in temperature could lead to a large difference in capacity.  This is one of the reasons air side 
was used in the COP and HPF calculations.  Furthermore, when checking capacity difference, the 
refrigerant to air was found as well.  It would account for any larger differences in the W/G side 
calculations and thus quantifying the air side capacity.  The uncertainty for capacity and 
performance factors was conducted using Table 5.1 and EES.  The capacity uncertainty was about 
4.0% for air side cooling and 5.7% for heating.  COP and HPF was within 4.0% and 5.8% 
respectfully. 
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Table 5.1 Uncertainty of Sensors 
Sensor Range Accuracy Description 
Type T Welded 
Thermocouple Wire (air) 
-200 C to 200 C 
0.5 C+ (0.4%) 
above 0 C 
Thermocouple used for 
air side temperatures 
Type T Welded 
Thermocouple Immersed in 
W/G or Refrigerant 
-200 C to 200 C 
0.5 C+ (0.4%) 
above 0 C 
Thermocouple used for 
W/G and Ref Loops 
Dew Point Sensor -40 C to 60 C ±0.2 C 
Measured before indoor 
flow tunnel and after 
nozzle 
Differential Pressure 
Transducer 
1” WC 
(249 Pa) 
±1% of 1” WC 
(±2.5 Pa) 
Air flow across heat 
exchangers 
Differential Pressure 
Transducer 
3” WC 
(747 Pa) 
±1% of 3” WC 
(±7.5 Pa) 
Air flow across nozzles 
Differential Pressure 
Transducer 
5” WC 
(1245 Pa) 
±1% of 5” WC 
(±12.5 Pa) 
Air flow across nozzles 
Differential Pressure 
Transducer 
0-750 In of H2O 
(186.8 kPA) 
±1.5 kPa 
Pressure across the 
evaporator (ref side) 
Differential Pressure 
Transducer 
0-5 psi 
(34.5 kPa) 
±1 kPa 
Pressure across the 
condenser (ref side) 
Absolute Pressure 
Transducer 
200 psi ±1 kPa 
Pressure at the 
compressor inlet 
Absolute Pressure 
Transducer 
1000 psi ±1 kPa 
Pressure at the 
compressor outlet 
Micro motion CMF025 
2180 kg/h 
(605.6 g/s) 
±0.045 g/s 
(zero stability) 
Refrigerant side flow 
rate 
Torque Meter 0 to 28.2 Nm ±0.05% Compressor Torque 
Tachometer 0 to 15000 rpm 
±0.15% of full 
scale 
Compressor Speed 
Scale 
0 to 60 lb 
0 to 27.22 kg 
±0.25% 
Refrigerant Charge 
Mass 
Micro motion DS065 0 to 4080 kg/h ±0.17% of Rate 
W/G side Mass flow 
Rate 
Current Sensor 0-10 Amps 
+0.25% F.S 
@DC 
Pump Work 
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CHAPTER 6: RESULTS AND DISCUSSION 
 
6.1  Charge Determination and EEV Opening Size 
To determine the charge of the system, standard SAE J2765 was looked at.  This was 
compared to what the direct system did.  The same operation for finding charge was conducted, 
however a smaller increment of charge was used.  Knowing that the secondary loop system has a 
smaller refrigeration cycle than that of the direct system, a smaller increment of charge was added 
between iterations to insure the optimum was not missed.  When running all tests, the parameters 
of the system were set, after which a wait time of 10 minutes was implemented to insure steady 
state was reached.  Then the test collected data for 10 minutes in 6 sec intervals, in which all of 
the data was averaged over that 10 minutes.  Also something to note in the tests, the radiator never 
had frosting on the surface.  This is surprising because of the direct system having a frosting issue.  
Given that the air was at a low relative humidity, means that frosting would be harder to achieve.  
Test in the future can study the effects of high humidity. 
 
6.1.1  A/C Mode Determination 
  Following the same parameters as the direct system (Feng 2015), the outdoor and indoor 
temperatures were set at 40 C.  The air side face velocity was set for the outdoor at 3.7m/s and the 
indoor at 2.5m/s.  Since the compressor was oversized, the compressor speed was set at 1300rpm.  
The water pumps were set to max and the EEV opening was set at 100% open.  The EEV was set 
there because that is where the direct system had found an optimum for the A/C mode.  I would 
verify after the charge test that this EEV size is appropriate for the secondary loop system as well.  
The charge test was started at 550g and increased by 40g until the superheated amount went down 
and stayed downed at 0 C.   
 Figure 6.1 shows the charge test that was conducted.  Notice that the capacity increases 
then levels off, in a similar manor, the COP slightly increases and then drops off.  The capacity 
and COP both start increasing with increasing subcooling.  It is hard to see why the COP would 
start to drop off from Figure 6.1, however notice that the compressor work started to increase at a 
faster rate.  Figure 6.2 shows the pressure and mass flow rate during the charge test.  From this 
figure, the same time compressor work increases, correlates to an increase in compressor outlet 
pressure.  This also causes an increase in mass flow rate, however note from Figure 6.1 at that this 
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point the capacity of the system is leveling off.  The extra compressor work is not going to 
increased capacity.  The reason is the increasing of the low side pressure, increases the evaporation 
temperature.  This causes the delta temperature between the refrigerant and the air side to be 
smaller, decreasing capacity.  The refrigerant has to go through the water first, however it is easier 
to just take out the intermediate step when looking at the system.  Note doing so will show a slight 
decrease in the efficiency over the direct system because of that middle step (W/G).  Overall, the 
increasing work of the compressor and leveling off/slightly decreasing capacity leads to a 
decreasing COP when any more charge is added.  Looking at Figure 6.1, shows that the charge 
optimum for the A/C test is about at 820 grams of charge. 
 Figure 6.2 shows a graph of varying EEV with the same conditions, however 800g of 
charge was fixed.  The graph confirms that the assumption of the EEV opening size is correct.  
What can be concluded is that for A/C mode, the charge is around 820g and the EEV opening size 
is at 100% for optimum results. 
Figure 6.3 shows a side by side comparison of the charge test to that of the direct system.  
The first thing to note is that the secondary loop system has an increased capacity over the direct 
system.  This would not make sense if the components of both systems were the same, however 
the cooler of the secondary loop system is larger and thus resulting in an increase of capacity for 
the secondary loop.  Table 6.1 shows the capacity and performance of both systems taken at the 
optimum charge.  The secondary loop system in Table 6.1 has tape over the cooler to match the 
same face velocity of the cooler to evaporator.  This decreases the capacity to well below the 
capacity of the direct system.  Since most A/C units in EVs will need about 4kW of capacity, the 
oversized cooler would most likely be needed for the automotive applications.  The trends in 6.3 
between the two tests are almost identical, which helps confirm that both systems are sized very 
similar. 
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Figure 6.1 A/C charge test with Ncomp=1300 RPM, δEEV=100%, Tindoor=40˚C, vindoor=2.5 m/s, 
Toutdoor=40˚C, vohex=3.7 m/s
 
Figure 6.2 A/C EEV optimization at Ncomp=1300 RPM, Charge 820, Tindoor=40˚C, vindoor=2.5 m/s, 
Toutdoor=40˚C, vohex=3.7 m/s 
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Figure 6.3 Comparison the SL charge test to the DX charge test 
 
Table 6.1 Table of the values for the SL, DX and SL taped.  The test parameter are System 
charge: DX – 1050 g, SL – 835 g, Ncomp=1300 RPM, Tindoor=40˚C, vcooler=2.5 m/s, Toutdoor=40˚C, 
vradiator=3.7 m/s 
Configuration DX SL SL–taped 
Qcooling 4.32 4.64 3.60 
Wcp,shaft [kW] 1.94 2.10 1.89 
Wpumps [kW] ---- 0.12 0.12 
COP 2.23 2.09 1.79 
Pcpri [kPa] 278 315.6 283.7 
Pcpro [kPa] 1405 1526 1500 
Mass Flow Rate [g/s] 30.7 34.5 32.4 
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6.1.2  Heat Pump Charge Determination 
 The charge determination for the H/P is set up the same way as the direct system, however 
an unknown EEV size becomes the first issue.  The system would act somewhat very poorly and 
would start showing very low charge at what appeared to be optimum charge levels.  After playing 
with EEV opening, it was determined that the EEV was not optimized and furthermore, the charge 
test for the H/P might be a dependent on both charge and EEV opening size.  This creates a 3D 
space that needs to be optimized with varying EEV opening size and charge at the same time.  By 
slowly increasing the charge, but varying the EEV opening with every charge data point, this can 
create a 3D map of the area.  The points were placed in Matlab, and gradients between the points 
going from left to right were created.  Using those gradients, surfaces can be made than then a 
contour plot.  Using a contour plot is the easiest way graphically to show the optimized charge and 
EEV opening.  The indoor temperature was set to 10 C with a mass flow rate of 6 kg/min.  The 
outdoor temperature was set to 0 C.  It has a face velocity of 4 m/s.  Figure 6.4 and 6.5 show the 
contour plots for the capacity and the HPF respectfully. Figure 6.6 shows the optimized EEV for 
each charge laid out on a simple line.  Note that each point has the optimized EEV for that charge.  
From Figure 6.6, it is clear that the charge should be at 835g and from Figure 6.4 and 6.5, an EEV 
opening at 65%.  Seeing that the charge was very close to that of the A/C test, a charge for the 
system was chosen to be 835g.  This is because the COP and capacity were level between 820 and 
850g of charge on the A/C mode so the optimized H/P charge was taken.  For the rest of the tests, 
a charge of 835g and an EEV opening of either 100% for A/C mode or 65% for H/P is used.  
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Figure 6.4 Contour plot of the H/P charge test varying the EEV for a maximum capacity. 
Ncomp=1000 RPM, Tindoor=10 ˚C, mindoor=6.0 kg/min, Toutdoor=0 ˚C, vohex=4 m/s
 
Figure 6.5 Contour plot of the H/P charge test varying the EEV for a maximum HPF.  
Ncomp=1000 RPM, Tindoor=10 ˚C, mindoor=6.0 kg/min, Toutdoor=0 ˚C, vohex=4 m/s 
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Figure 6.6 Optimized EEV for each charge.  Ncomp=1000 RPM, Tindoor=10 ˚C, mindoor=6.0 kg/min, 
Toutdoor=0 ˚C, vohex=4 m/s 
6.2  A/C Mode Tests and Comparison 
6.2.1  A/C T-h Diagram Comparison 
 Figure 6.7 shows the T-h diagram for the secondary loop system in A/C mode compared 
to that of the T-h diagram of the direct system and the taped cooler.  Note that the condensing 
temperature and pressure of the SL system and the SL system with tape are almost identical.  The 
change occurs on the evaporation temperature.  The taped cooler caused the evaporation 
temperature on the refrigerant side to lower.  Note also that the temperature at the exit of the 
compressor is lower with the taped over the normal SL system.  The taped version thus causes a 
lower capacity and lower COP because of the reduced face area.  The DX system in the graph is 
very similar on the evaporator side when compared to the taped SL system.  The temperature on 
the condenser side though, is lower for the direct system.  This is made up by having a larger 
amount of subcooling then the secondary loop system.  On the evaporator side, the secondary loop 
system that is taped starts at about the same temperature as the direct system, however the larger 
pressure drop in the secondary loop system causes an exit temperature to be much lower. Whereas 
the secondary loop system without the tape starts at a higher temperature into the evaporator and 
drops down to about the same temperature, again due to the higher pressure drop in the secondary 
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loop system.  This pressure drop is caused by the brazed plate heat exchangers.  With the 
comparable evaporator side, the condenser side is the one that drives the COP difference between 
the normal SL and DX system.  The larger subcooled region in the DX system coupled with the 
higher temperature in the SL system leads to a lower COP while the capacity is higher in the SL 
over the DX system.  Whereas once the SL system is taped and has the same starting evaporation 
temperature, the capacity goes lower than that of the DX system and it also has lower COP. 
 Comparing just the DX system to the SL taped system, yields Figure 6.8.  In this figure, 
the reason for the lower COP is investigated.  The T-h diagram shows the W/G side, and air side 
with the refrigerant side.  The C is for condenser on the DX system, the E is for evaporator of the 
DX system, R is for the radiator in the SL system, and CL is for the cooler in the SL system.  For 
ease of viewing, the purple lines are for the DX system air side, the red are for the SL system air 
side, and the green are the W/G side for the SL system.  Notice how the red and purple lines, air 
side, starts at the same temperature then differentiates as the heat exchangers affects the 
temperature.  The temperature drop on the evaporator side is lower than that on the cooler side.  
This is due to the temperature difference between comparing the W/G loop to the DX refrigerant 
loop.  The same change can be noticed on the heat reduction or condenser side.  The SL systems 
has to create a change in temperature across the refrigerant to the W/G and then from the W/G to 
the air.  This leads to the lower COP because the temperature difference is not as large as in the 
DX system.  The DX system only has to supply a temperature difference across the refrigerant to 
the air. 
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Figure 6.7 A/C mode T-h diagram System charge: SL – 835 g, DX – 1050 g, Ncomp=1300 RPM, 
Tindoor=40 ˚C, vcooler=2.5 m/s, Toutdoor=40 ˚C, vradiator=3.7 m/s
 
Figure 6.8 A/C mode T-h diagram System charge:  SL – 835 g, DX – 1050 g, Ncomp=1300 RPM, 
Tindoor=40 ˚C, vcooler=2.5 m/s, Toutdoor=40 ˚C, vradiator=3.7 m/s 
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6.2.2  A/C Characteristics for the SL System 
 The secondary loop system also took a look at the characteristic of the A/C side.  It is 
important to bench mark this system so that modification for improvement to the SL system can 
come at a later time.  From a proposed test matrix for SAE standard, proposal CRP150-3, yielded 
the condensed Figure 6.9.  The graph shows the effect of the outdoor face velocity on the capacity 
and the COP.  The outdoor face velocity actually has a small effect on the capacity and the COP 
over the range in the test.  This is most likely due to the large size of the radiator used in the SL 
system.  Even with a reduction in face velocity, the radiator is able to reject most of the heat that 
is require for high capacity.  The graph also shows the effect of the ambient temperature.  This 
changes the COP and capacity substantially.  The higher the ambient temperature, the lower the 
COP and capacity and higher compressor work.  This makes sense, since the smaller the difference 
in the temperature of the indoor to the outdoor will result in a higher capacity output and higher 
COP potential. 
 
Figure 6.9 A/C mode, SAE proposed test matrix evaluation.  Ncomp=2000 RPM, charge=835g, 
Tindoor=35 ˚C, mindoor= 9 kg/min, δEEV=100% 
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6.3  H/P Mode Tests and Comparison 
Some issues that occurred with the H/P SL system was when the accumulator was running 
dry.  Actually the evaporator was running with superheat into the compressor in most of the trials. 
This might be an issue with the condenser and the evaporator having distribution issues or being 
over or under sized.  Testing with lower than 50% EEV closing lead to a very large charge 
migration problem that then lead to the system starving the compressor of oil.  The EEV was then 
operated always above this point.  For the optimum EEV opening of 65% and charge, this lead to 
sometimes having a relatively low subcooling range in some of the heat pump tests.  When 
subcooling dropped below 6 C, the micro motion would stop reading accurate flow rates. This is 
due to the micro motion slightly choking the flow and causing a two phase region to appear 
somewhere in the micro motion.  In these cases, the flow rate could not be found for the refrigerant.  
These issues would only occur in a few of the test preformed and with a verified air side capacity 
as well as the W/G, the performance can still be measured for those tests.  
 
6.3.1  T-h Diagram 
 The comparison of the heat pumps in a T-h diagram are shown in Figure 6.10.  The diagram 
shows the case in which the ambient temperature is 0 C.  The pink lines are for the SL system air 
side and the green are for the DX system air side.  Once again, the subcooling range of the DX 
system is much larger than that of the SL system.  Values of the performance and pressures are 
shown in Table 6.2.  The DX system had a higher condensing temperature and a larger subcooling 
range as well as a higher evaporation temperature.  This is again due to the temperature change 
that is required to transfer energy between two systems over just one.  This lead to a decrease in 
the capacity and a decrease in the HPF.  Note though, that the HPF is about 2.46 which is still 
much higher than a PTC heater used in the EVs.  Even though the capacity and HPF was lower in 
the DX than the SL system, the work was slightly lower.  Increasing compressor work can thus 
increase the heat capacity of the SL system. 
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Figure 6.10 T-h diagram for H/P mode, System charge: SL – 835 g, DX – 1050 g, δEEV: SL – 
65%, DX – 40%, Ncomp=1000 RPM, mindoor=6 kg/min, Toutdoor=0 ˚C, vradiator=3.7 m/s 
Table 6.2 Values for comparison of Figure 6.10 
Configuration DX SL 
Qheating 3.18 2.84 
Wcp,shaft [kW] 1.14 1.03 
Wpumps [kW] ---- 0.12 
HPF 2.79 2.46 
Pcpri [kPa] 199 191 
Pcpro [kPa] 1296 1151 
Mass Flow Rate [g/s] 17.4 ---- 
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6.3.2  Varying Compressor Speed 
 The heat pump’s compressor speed was varied to compare to the DX system.  Figure 6.11, 
it shows the effect of varying compressor speed of the DX system and the SL system.  The scales 
on the graph match for comparison.  Notice how the capacity of both systems are almost identical 
across the range of compressor speed.  This leads to a very similar air discharge temperature, 
however the work is more on the SL system.  The total work of the SL system is higher mainly 
because the water pumps have a larger percentage of the total work when compared to the 
percentage of the work done by the pumps in the A/C mode.  This is due to the lower compressor 
work of the heat pumps.  The water pumps take about 120W of energy to operate, when the 
compressor work is only around 1kW, the water pumps amount to 10-12% of the work done.  This 
is high enough to change the HPF of the system.  As view in the graphs, the HPF of the SL system 
is lower for all cases.  However, notice how the HPF approach each other at higher compressor 
speeds.  This is due to the higher compressor work which lowers the work percentage contributed 
by the water pumps.  Later varying the water pump speed will be looked at for lower required 
heating loads. 
 
Figure 6.11 Varying H/P compressor speed and comparison to the DX system, System charge: 
DX – 1094 g, SL – 835 g; δEEV: DX – 40%, SL – 65%, Tindoor=10 ˚C, mindoor=6 kg/min, Toutdoor=0 
˚C, vradiator=4 m/s 
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6.3.3  Varying Indoor and Outdoor Flow Rates 
 Figures 6.12 and 6.13 show the effects of varying the indoor flow rate and the outdoor flow 
rate.  Varying the indoor flow rate yielded almost no change to the compressor work, however the 
HPF does increase with increasing flow rate.  This partly due to not having the work of the fan 
into the calculation because of the oversized blower and pressure drop across the nozzle, but this 
is mainly due to the increase in capacity.  The capacity increases initial a lot going from low flow 
rates to higher ones.  Then the capacity levels offs, this seems to be the case with the DX system 
as well, however not as much.  For the DX system, increasing the flow rate even after the SL 
plateau, yields an increase in the capacity.  This could be due to the slightly oversized heater in the 
SL system.  Overall the trends and most of the values match very closely to the DX system, the 
SL system is slightly lower in COP and capacity.  The air discharge temperature was also looked 
at because of the human comfort.  During a pre heat state, the more capacity the better, but once 
the human gets into the EV, the temperature needs to be “hot”.  Human like the heater to blow 
“hot” air on them in the winter and going to slightly reduced flow rates to increase the temperature 
might be desired.  This would depend on the person and human test trials would have to be 
conducted to find the optimum air discharge temperature. 
 Varying the outdoor air face velocity shows almost no change to the SL system.  There is 
a slight increase at the low end but then levels off very quickly.  This is due to the radiator size in 
the SL system.  It is oversized and can be reduced to save space and weight in an EV.  When 
compared to the DX system, the low end of the face velocity initial increases capacity suggesting 
it has a closer to real size of condenser.  The values are similar between the two systems with again 
the DX system slightly better on performance.   
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Figure 6.12 Indoor air flow rate comparison between the DX and SL systems, System charge: 
DX – 1094 g, SL – 835 g; δEEV: DX – 40%, SL – 65%, Tindoor=10 ˚C, Toutdoor=0 ˚C, mindoor=6 
kg/min, vradiator=4 m/s 
 
 
Figure 6.13 Outdoor air flow rate comparison between the DX and SL systems, System charge: 
DX – 1094 g, SL – 835 g; δEEV: DX – 40%, SL – 65%, Tindoor=10 ˚C, Toutdoor=0 ˚C, mindoor=6 
kg/min, vradiator=4 m/s 
6.3.4  Varying Subcooling with the EEV 
 The capacity of the SL system was held constant and the subcooling at the condenser was 
varied by varying the EEV.  As seen in Figure 6.14, the HPF increase and reaches a maximum at 
about 5.25 C of subcooling.  This is a characteristic of this system, whereas in the DX system the 
subcooling was much higher to achieve the maximum HPF.  It was also found that the accumulator 
did not have liquid in it during this test.  This is most like the reason for the low subcooling region.  
Increasing the subcooling past 6 C, cause the HPF to level off and stay the same.  This might be 
due to the issue discussed with charge migration or size of heat exchangers, mainly in the 
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evaporator and the condenser for the SL system.  Looking to into charge migration between the 
two heat exchangers would possible solve this issue and should be looked into in the future.    
 
Figure 6.14 Constant capacity while varying subcooling, Charge=835g, EEV=65%, Ncomp=1000 
RPM, Tindoor=10ºC, mindoor=6.0 kg/min, Toutdoor=0ºC, vrad=4 m/s 
6.3.5  Heating Up Test 
 The heating up test was conducted in the direct system (Feng 2015) and can show the 
performance of the HPF and capacity for different ambient temperature as the cabin temperature 
increases.  This is very similar to a transient test of an EV in real life but being able to still get 
steady state conditions.  Figure 6.15 shows the heating up test for the SL system.  Notice how the 
compressor speed was maxed, at 2000rpm, for the ambient temperature of -5 C and a few cases at 
0 C.  This means the H/P does not have sufficient capacity at low ambient conditions.  Either the 
compressor speed would have to be increase more or the use of a PTC heater would have to be 
implemented. 
 Figure 6.16 shows the side by side comparison of the DX to the SL in the heating up mode.  
The graphs are on the same scale, and the same color scheme was used for easy reading.  The DX 
system was able to accommodate more points along the heating up test, however it still had issues 
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at the low ambient conditions.  When ambient conditions are very low, the use of an electric heater 
will be needed in almost every case.  The HPF varies a lot between the two systems.  The DX 
system is able to achieve a much higher HPF at higher ambient conditions.  This is due to the water 
pump work.  As the ambient condition become hotter, the work required by the compressor is 
lowered and thus the percentage of total work that the water pumps see increase.  In the next 
section, the water pumps speed will be varied to see its effect.  When ambient conditions become 
higher, an EV will not only have to decrease the compressor speed, but also the water pumps for 
optimal HPF.  Lowering the flow rate of the water can then possibly achieve higher HPF that 
would be more comparable at high ambient conditions to the DX system.  Since heating is an issue 
at the low ambient side, HPF was not optimized by varying pump speed on the higher ambient 
side or lower heating loads, it is better to only vary one or two things to view the effects rather 
than the pump speed as well. 
 Seeing the high capacities of between 3.5 and 4 kW at 0 C ambient compared to the slightly 
higher capacity in the DX system, gives a lot of hope that the secondary loop system is the one to 
choose for an EV.  With the possible additional waste heat of the batteries and the electric motor 
in operation, this will only increase the capacity and further increase the HPF for the system.   
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Figure 6.15 Heating up mode testing, System charge: DX – 1094 g, SL – 835 g; δEEV: DX – 
40%, SL – 65%, Tindoor=10 ˚C, mindoor=6 kg/min, Toutdoor=0 ˚C, vradiator=4 m/s, target Tair,dis=50 ˚C 
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Figure 6.16 Heating up mode testing comparison between the SL and DX system, System 
charge: DX–1094 g, SL–835 g; δEEV: DX – 40%, SL–65%, Tindoor=10 ˚C, mindoor=6 kg/min, 
Toutdoor=0 ˚C, vradiator=4 m/s, target Tair,dis=50 ˚C 
6.3.6  Secondary Loop Varying of Water Pumps 
 Figures 6.17 and 6.18 show varying both pumps at constant conditions.  The heater W/G 
loop was varied first while running at a 100% on the other pump.  Decreasing the mass flow rate 
will decrease the pump work, however only a slight increase to HPF happens.  This is because the 
percent of total work that the pump has is only about 5% or less for this case.  A decrease in only 
pumps work amounts to very little on the total work.  However looking to higher ambient 
conditions, would affect the HPF a lot more.  As shown in Figure 6.17, the mass flow rate had very 
little effect on the systems performance.  Lowering the mass flow rate to very low flow rates can 
cause the pump to stop, then the performance went to zero.  This proves that the pump work can 
be lowered to save on energy and increase the HPF at higher ambient conditions. 
 A similar case happed with the flow rate through the radiator, however a slightly more 
noticeable effect occurred.  As the mass flow rate decreased, the capacity started to drop off and 
the HPF went up slightly.  This again shows that the pump work can be decreased and should be 
decreased at high ambient condition or low heating loads.  This also suggests that the W/G 
components might be oversized and do not need the higher flow rates.  Depending on the EV, the 
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size of the heat exchangers might have to be reduced.  If this is true then higher flow rates would 
be needed, however if the size of the heat exchanger can stay the same, the HPF can be increased 
by lowering flow rate of the pumps. 
 
Figure 6.17 Varying of the mass flow rate through the heater, charge=835g, Ncomp=1000 RPM, 
Tindoor=10 ˚C, mindoor= 6 kg/min, δEEV=65%, T= 0 ˚C, vradiator=4 m/s 
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Figure 6.18 Varying of the mass flow rate through the radiator, charge=835g, Ncomp=1000 RPM, 
Tindoor=10 ˚C, mindoor= 6 kg/min, δEEV=65%, T= 0 ˚C, vradiator=4 m/s 
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CHAPTER 7: CONCLUSION 
 
7.1  System Comparison of SL to DX systems 
 The secondary loop heat pump system performed quite well against the higher efficient 
direct system.  To achieve the same capacity as the direct system, the indoor cooler and heater 
needed to be larger than the components of the direct system, evaporator and inner condenser, 
respectively.  This was due to the additional coolant loop (W/G) that increased the delta 
temperature between the refrigerant side and the air side.  This in turn reduced COP or HPF 
depending on the mode.  The other components of the secondary loop system were sized fairly 
close, even used the same compressor for a close comparison.  The heating performance of the 
secondary loop system was found to be insensitive to heater W/G flow rate.  This can lead to 
reduce pump speeds which can increase the HPF achieved in higher ambient conditions. In both 
A/C and H/P performance, it was found to be insensitive to outdoor face velocity.  This indicates 
that the radiator size could be reduce which would save on space, weight and cost.   
 At low ambient conditions, the system was found to not have the required heating capacity 
needed for the heat load.  This was also true with the direct system, however the direct system still 
had higher capacities and HPF at those ambient conditions.  The capacities reached a max of 
between 3.5kW and 4kW at a 0 C ambient condition, this range is due to the cabin temperature.  
This capacity coupled with a HPF of around 2 for the same condition can correlate to a lot of 
driving distance in the EV being saved on relatively cold ambient conditions.  A PTC heater would 
still be required to supplement the heating loads in the very cold ambient conditions.  Overall the 
system performed just slightly under the comparable direct system.  The difference in the systems 
might be overtaken with the use of a different refrigerant or a full thermo management system. 
 
7.2  Improvements and Recommendations for Future Studies 
 High required superheat at the evaporator outlet indicates distribution problems in the 
brazed plate heat exchanger.  Study of charge migration between A/C and H/P mode or charge 
distribution might help solve this issue.  The addition of an internal heat exchanger may not only 
help improve this issue but also improve overall performance.  The addition of another heat 
exchanger can cost more money and will increase the volume of the system, however the secondary 
loop system can benefit from it greatly and should be considered for future studies.  
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 The secondary loop system starts to shine when the EV uses an integrated thermal 
management system to recover waste heat from the power electronics and batteries.  The 
elimination of other coolant loops for cooling the electronics is very appeasing, but then adding 
additional waste heat recovery and the secondary loop system could potentially out shine the direct 
system in performance.  Since the secondary loop system does not have to enter the cabin of the 
vehicle with the refrigerant loop, other refrigerants can be used.  CO2 is one refrigerant that comes 
to mind because of its improvement in H/P cycles and how environmentally sound it is.  There are 
issues with CO2 being costly and having a lower cooling capacity, but a fully optimized CO2 loop 
in the secondary loop systems might have much larger heating capacities and HPF yielding a larger 
driving distance in the winter. 
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APPENDIX A:  COMPONENTS USED BY THE SECONDARY LOOP SYSTEM AND 
DIRECT SYSTEM (CHAPTER 3) 
 
 
Figure A.1: Belt-driven compressor from ACDelco, used in both systems (DX and SL) 
 
Figure A.2:  Transparent accumulator used in both the DX and the SL systems 
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Figure A.3:  EEV donated by Parker and used in the DX and SL systems 
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APPENDIX B:  TEST FACILITY LAYOUT (CHAPTER 4) 
 
 
Figure B.1:  The compressor assembly in-between the two chambers. 
 
Figure B.2:  The refrigeration loop without all of the sensors and insulation for clarity 
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\  
Figure B.3:  Indoor flow tunnel without the top or hoses for clarity 
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Figure B.4:  Indoor flow tunnel, viewing the heater and the water trap area/drain 
 
Figure B.5:  The inside of the outdoor radiator section of the flow tunnel.  This is where the air 
will enter the flow tunnel. 
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Figure B.6:  The outdoor flow tunnel, the radiator for the secondary loop system in in the bottom.  
The top has the condenser for the direct system. 
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APPENDIX C:  MASTER EES CODE 
 
Figure C.1:  The master EES code (below), this is the baseline code that was used to come up 
with all of the performance factors in this study.  It was modified to either be used for A/C or 
H/P by changing the value of A/C to 1 or 0 and same with H/P.  The 1 meant 
//David Kaiser 
//EES Code 8/18/15 
 
//Set Mode 
//A value of 1 is on and 0 is off 
HP = 0 
AC = 1 
P_atm = 100.73   {look up for the day} 
Charge_System = Charge {g} 
 
//Given 
EEV_System = EEV 
RH_OC = 0/100    {guess of RH for outdoor Chamber} 
P_ocai = P_atm 
P_ocao = P_ocai-DPa_Rad/1000 
P_ocn = P_ocao - DPa_ODN/1000 
P_cro = P_cpro - DP_Cond 
P_eri = P_cpri + DP_Evap 
P_chai = P_atm 
P_hai = P_atm-DPa_Chill/1000 
P_hao = P_hai-DPa_Heat/1000 
P_idn = P_hao-DPa_IDN/1000 
P_ero = P_cpri 
V_1=12.23 
V_2=12.34 
heat_area = .04243 {m^2} 
chill_area = .08486 {m^2} 
rad_area = .274 {m^2} 
nozzle_D_idn = .1016 {m} 
nozzle_D_odn = .1778 {m} 
Cd = .975 
Cn = .98 
 
//Basic Calucations 
d1 = 1.048*1000 
d2 = 1.0809*1000 
d3 = 1.0787*1000 
nozzle_A_idn = PI*nozzle_D_idn^2/4 
nozzle_A_odn = PI*nozzle_D_odn^2/4 
AFR_idn = Cd*(2*DPa_IDN/rho_air_idn)^0.5*nozzle_A_idn/(1-nozzle_A_idn^2)^(0.5) 
AFR_odn = Cn*(2*DPa_ODN/rho_air_odn)^0.5*nozzle_A_odn/(1-nozzle_A_odn^2)^(0.5) 
m_dot_idn = AFR_idn*rho_air_idn {kg/s} 
m_dot_odn = AFR_odn*rho_air_odn {kg/s} 
 
//Density 
//WG Temps and Density were taken from 3 different 
//Micromotions and averaged to get Ca 
69 
da = (d1+d2+d3)/3 
Ta = (21.05+21.8+22.2)/3 
da=Density(EG,T=Ta,C=Ca) 
 
//Air 
rho_air_idn=Density(AirH2O,T=T_idn,D=T_dp_idn,P=P_idn) 
rho_air_odn=Density(AirH2O,T=T_ocn,r=RH_OC,P=P_ocn) 
 
//Enthalpy 
//Enthalpy of Refr 
h_cpri=Enthalpy(R134a,T=T_cpri,P=P_cpri) 
h_cpro=Enthalpy(R134a,T=T_cpro,P=P_cpro) 
h_cri = h_cpro 
h_cro=Enthalpy(R134a,T=T_cro,P=P_cro) 
h_ero=Enthalpy(R134a,T=T_ero,P=P_ero) 
h_eri = h_cro 
//Enthalpy of W/G 
h_ocwi=Enthalpy(EG,T=T_ocwi,C=Ca,P=P_atm) 
h_ocwo=Enthalpy(EG,T=T_ocwo,C=Ca,P=P_atm) 
h_hwi=Enthalpy(EG,T=T_hwi,C=Ca,P=P_atm) 
h_hwo=Enthalpy(EG,T=T_hwo,C=Ca,P=P_atm) 
h_chwi=Enthalpy(EG,T=T_chwi,C=Ca,P=P_atm) 
h_chwo=Enthalpy(EG,T=T_chwo,C=Ca,P=P_atm) 
h_ewo=Enthalpy(EG,T=T_ewo,C=Ca,P=P_atm) 
h_ewi=Enthalpy(EG,T=T_ewi,C=Ca,P=P_atm) 
h_cwi=Enthalpy(EG,T=T_cwi,C=Ca,P=P_atm) 
h_cwo=Enthalpy(EG,T=T_cwo,C=Ca,P=P_atm) 
//Enthalpy of Air 
h_ocai=Enthalpy(AirH2O,T=T_ocai,r=RH_OC,P=P_ocai) 
h_ocao=Enthalpy(AirH2O,T=T_ocao,r=RH_OC,P=P_ocao) 
h_ocn=Enthalpy(AirH2O,T=T_ocn,r=RH_OC,P=P_ocn) 
h_chai=Enthalpy(AirH2O,T=T_chai,D=T_dp_chai,P=P_chai) 
h_hai=Enthalpy(AirH2O,T=T_hai,D=T_dp_chai,P=P_hai) 
h_chao=Enthalpy(AirH2O,T=T_chao,D=T_dp_chai,P=P_hai) 
h_hao=Enthalpy(AirH2O,T=T_hao,D=T_dp_idn,P=P_hao) 
h_idn=Enthalpy(AirH2O,T=T_idn,D=T_dp_idn,P=P_idn) 
 
//Work 
I_1 = Pump_1 
I_2 = Pump_2 
Pump_Work_1 = V_1*I_1/1000 
Pump_Work_2 = V_2*I_2/1000 
Compressor_Work = Torque*Speed*PI*2/60/1000 
 
//Micromotions (kg/s) 
MM_Refr = MM_Refr_D/1000 
MM_Rad = MM_Rad_D/1000 
MM_Heat = MM_Heat_D/1000 
MM_Chill = MM_Chill_D/1000 
 
//T-h Points 
x_eri = Quality(R134a,P=P_eri,h=h_eri) 
T_eri = Temperature(R134a,P=P_eri,h=h_eri) 
 
//Superheating and Subcooling 
T_sat_cro=T_sat(R134a,P=P_cro) 
70 
SC_cro = T_sat_cro - T_cro 
T_sat_cpri=T_sat(R134a,P=P_cpri) 
SH_cpri = T_cpri - T_sat_cpri 
T_sat_ero = T_sat(R134a,P=P_ero) 
SH_ero = T_ero - T_sat_ero 
 
//Capacity 
//Refr 
Q_Cond_Refr = MM_Refr*(h_cri-h_cro) {work out of system} 
Q_Evap_Refr = MM_Refr*(h_ero-h_eri) {work into system} 
Q_compressor = MM_Refr*(h_cpro-h_cpri)  {work into system} 
//W_G 
Q_Cond_WG_HP = MM_Heat*(h_cwo-h_cwi) {work into WG} 
Q_Evap_WG_HP = MM_Rad*(h_ewi-h_ewo) {work out of WG} 
Q_Cond_WG_AC = MM_Rad*(h_cwo-h_cwi) {work into WG} 
Q_Evap_WG_AC = MM_Chill*(h_ewi-h_ewo) {work out of WG} 
Q_Heat_WG = MM_Heat*(h_hwi-h_hwo) {work out of WG} 
Q_Chill_WG = MM_Chill*(h_chwo-h_chwi) {work into WG} 
Q_Rad_WG_HP = MM_Rad*(h_ocwo-h_ocwi) {work into WG} 
Q_Rad_WG_AC = MM_Rad*(h_ocwi-h_ocwo) {work out of WG} 
//Air 
Q_Rad_air_AC = m_dot_odn*(h_ocao-h_ocai) {work into the air} 
Q_Rad_air_HP = m_dot_odn*(h_ocai-h_ocao) {work out of the air} 
Q_Chill_air = m_dot_idn*(h_chai-h_chao) {work out of the air} 
Q_Heat_air = m_dot_idn*(h_hao-h_hai) {work into the air} 
 
//HP or AC 
Q_Cond_WG = if(AC,HP,Q_Cond_WG_HP,0,Q_Cond_WG_AC) 
Q_Evap_WG = if(AC,HP,Q_Evap_WG_HP,0,Q_Evap_WG_AC) 
Q_Rad_WG = if(AC,HP,Q_Rad_WG_HP,0,Q_Rad_WG_AC) 
Q_Rad_air =  if(AC,HP,Q_Rad_air_HP,0,Q_Rad_air_AC) 
 
//Percent Difference 
PD_Compressor = ABS((Q_compressor-
Compressor_Work)/((Q_compressor+Compressor_Work)/2))*100 
PD_Cond = ABS((Q_Cond_WG-Q_Cond_Refr)/((Q_Cond_WG+Q_Cond_Refr)/2))*100 
PD_Evap = ABS((Q_Evap_WG-Q_Evap_Refr)/((Q_Evap_WG+Q_Evap_Refr)/2))*100 
PD_Heat = ABS((Q_Heat_WG-Q_Heat_air)/((Q_Heat_WG+Q_Heat_air)/2))*100 
PD_Chill = ABS((Q_Chill_WG-Q_CHill_air)/((Q_Chill_WG+Q_Chill_air)/2))*100 
PD_Rad = ABS((Q_Rad_WG-Q_Rad_air)/((Q_Rad_WG+Q_Rad_air)/2))*100 
 
//COP 
COP_Refr= (Q_Evap_Refr+Q_Evap_WG)/(Compressor_Work+Pump_Work_1+Pump_Work_2) 
COP_WG= Q_Chill_WG/(Compressor_Work+Pump_Work_1+Pump_Work_2) 
COP_Air= Q_Chill_air/(Compressor_Work+Pump_Work_1+Pump_Work_2) 
COP= (Q_Chill_WG+Q_Chill_air)/2/(Compressor_Work+Pump_Work_1+Pump_Work_2) 
 
//HPF 
HPF_Refr = Q_Cond_Refr/Compressor_Work 
HPF_WG = Q_Heat_WG/(Compressor_Work+Pump_Work_1+Pump_Work_2) 
HPF_Air = Q_Heat_air/(Compressor_Work+Pump_Work_1+Pump_Work_2) 
HPF = (Q_Heat_WG+Q_Heat_air)/2/(Compressor_Work+Pump_Work_1+Pump_Work_2) 
//Graphing and reported Values 
Q_cooling = (Q_Chill_air+Q_Chill_WG)/2 
